Transmissive and reflective time-modulated metasurfaces, that function as serrodyne frequency translators, are reported at X-band frequencies. Both metasurfaces provide electrically tunable transmission/reflection phase that covers 360 • . Bias signals with optimized waveforms are used to modulate each metasurface, allowing Doppler-like frequency translation. The metasurfaces can be cascaded together to achieve magnetless nonreciprocal devices.
I. INTRODUCTION
Frequency translation is the process of converting an input signal from one frequency to an other. In general, there are many ways of achieving frequency translation. The serrodyne frequency translator [1] , [2] , which employs a continous linear variation of phase, can closely approach the performance of an ideal frequency translator. In this device, the transmission/reflection phase is linearly swept through 360 • using a sawtooth modulation signal. The frequency translation is equal to the repetition rate of the sawtooth modulation. The serrodyne frequency translator has been developed using different phase-tunable devices including ferrite phase shifters [3] , electro-optic waveguides [4] , CPW MMIC phase shifters [5] and frequency selective surfaces [6] .
Here, we present two time-varying metasurfaces that achieve free-space serrodyne frequency translation at X-band frequencies in transmission and reflection. Tunable varactors with simple biasing mechanisms are integrated onto the metasurfaces, allowing electrically-driven, time-modulated transmission/reflection phase. Optimized bias waveforms are fed to the metasurfaces to realize linear transmission/reflection phase with respect to time. The proposed metasurface-based frequency translators may find applications in microwave measurement, communication, radar systems (Doppler cloaking [7] ).
II. CIRCUIT DESIGN AND SIMULATION FOR THE TRANSMISSIVE SERRODYNE FREQUENCY TRANSLATOR
The transmissive metasurface is designed to act as a bandpass filter with a tunable transmission phase. It can be realized as two resonating sheets separated by an impedance inverter, as depicted in Fig. 1a . The equivalent circuit model of the proposed metasurface is shown in Fig. 1c . The outer metallic sheets of the metasurface function as shunt LC resonators. The impedance inverter, consisting of the substrate and inner metallic sheet, transforms the second shunt LC resonator to a series LC resonant circuit. As a result, the metasurface remains impedance matched, providing a high transmission amplitude over a broad frequency range and linear transmission phase. In order to achieve a 360 • transmission phase range, two such metasurfaces were cascaded with a separation of 3.26 mm (40 • electrical length) between them. The fabricated frequency translator is shown in Fig. 1b .
An RF signal with a repetition rate of f m = 1 MHz was used to modulate the frequency translator. The incident signal was set to an amplitude of −20 dBm at an operating frequency of f 0 = 10 GHz. In experiment, the required V bias was provided by a Keysight M8195A arbitrary waveform generator, and amplified with ZHL-3A-S(+) RF amplifiers from Mini-Circuits. The V bias waveform used in experiment and the measured transmission spectrum are plotted in Fig. 2a and Fig.2b respectively. A 5.1 dB conversion loss and 11.2 dB sideband suppression was achieved in experiment. 
III. CIRCUIT DESIGN AND SIMULATION FOR THE

REFLECTIVE SERRODYNE FREQUENCY TRANSLATOR
A dual-polarized reflective metasurface was designed by backing a tunable capacitive sheet with a ground plane. The unit cell of the capacitive sheet is shown in Fig. 3a . Varactor diodes (MAVR-000120-1411) were integrated onto the patterned metallic cladding to achieve a tunable capacitance. The designed metasurface is capable of independently tuning the reflection phase for two orthogonal polarizations over a 360 • phase range. The fabricated reflective frequency converter is shown in Fig. 3b . The equivalent circuit model for each polarization of the metasurface is shown in Fig. 3c . The circuit model was verified by showing close agreement between simulations of the circuit model in 3c (performed using Keysight ADS) and full-wave simulations of the metasurface depicted in Fig. 3a (performed using Ansys HFSS) for various DC bias voltages.
Using the circuit model, the reflected spectrum for the frequency translator was solved for using the harmonic balance simulator of Keysight ADS, under a f 0 = 10 GHz excitation and bias signal repetition rate of f m = 1 MHz. In order to achieve a linear reflection phase with respect to time, the waveform of the biasing signal V bias was optimized, and is shown in Fig. 4a . The reflected power spectrum in Fig. 4b clearly shows Dopper shifting to a frequency of f 0 + f m . A 1.6 dB conversion loss and 22.1 dB sideband suppression is achieved in simulation. Measurement results of the fabricated reflective frequency translator will be presented at the conference.
IV. CONCLUSION X-band serrodyne frequency translators based on timemodulated metasurfaces are reported in transmission and reflection respectively. The two frequency translating metasurfaces can be cascaded to achieve magnetless non-reciprocal devices. Such configurations will be presented at the conference.
